Alzheimer's disease (AD) is characterized by cognitive decline and neuronal network dysfunction, but the underlying mechanisms remain unknown. In the hippocampus, microcircuit activity during learning and memory processes is tightly controlled by O-LM interneurons. Here, we investigated the effect of beta-amyloidosis on O-LM interneuron structural and functional connectivity, combining two-photon in vivo imaging of synaptic morphology, awake Ca 2+ imaging, and retrograde mono-transsynaptic rabies tracing. We find severely impaired synaptic rewiring that occurs on the O-LM interneuron input and output level in a mouse model of AD. Synaptic rewiring that occurs upon fear learning on O-LM interneuron input level is affected in mice with ADlike pathology. This process requires the release of acetylcholine from septo-hippocampal projections. We identify decreased cholinergic action on O-LM interneurons in APP/PS1 mice as a key pathomechanism that contributes to memory impairment in a mouse model, with potential relevance for human AD.
In Brief
O-LM interneurons control hippocampal activity. Schmid et al. use in vivo imaging to reveal fear learning-induced rewiring of O-LM interneuron synapses that requires cholinergic input. Decreased cholinergic drive onto O-LM interneurons contributes to rewiring and memory impairment under AD-like conditions.
INTRODUCTION
Learning and memory are fundamental components of our personality and are significantly impaired in Alzheimer's disease (AD). During learning and memory formation, many individual neurons change their activity, which ultimately leads to rewiring of neuronal networks. On the subcellular level, altered neuronal activity induces structural remodeling of synapses, supporting the concept that individual synapses may represent the smallest computational unit necessary for information storage (Caroni et al., 2014; Fu and Zuo, 2011; Holtmaat and Svoboda, 2009; Hü bener and Bonhoeffer, 2010) . While structural plasticity of synapses on excitatory and inhibitory neurons is well documented in the cortex Fu et al., 2012; Holtmaat et al., 2005; Keck et al., 2011; Lai et al., 2012; Trachtenberg et al., 2002; van Versendaal et al., 2012; Xu et al., 2009; Yang et al., 2009 Yang et al., , 2014 , less is known about remodeling of synapses based on learning and memory in the hippocampus (Attardo et al., 2015; Gu et al., 2014; Rogerson et al., 2014) . Therefore, we sought to identify learning-and memory-dependent rewiring of inhibitory neurons in the hippocampus, the predominantly affected brain area in AD. Synapse loss correlates with cognitive decline and has been proposed as a potential cause for learning and memory deficits in AD (Huang and Mucke, 2012) . Increased synapse loss as well as aberrant structural remodeling of synapses and dendrites have been detected in proximity to amyloidbeta (Ab) plaques, a major hallmark of AD (Bittner et al., 2010 (Bittner et al., , 2012 Liebscher et al., 2014; Meyer-Luehmann et al., 2008; Spires et al., 2005; Spires-Jones et al., 2007; Tsai et al., 2004) . These structural plasticity impairments on the synapse level could be linked to increased action potential firing of pyramidal neurons ( Si sková et al., 2014) and were accompanied by hyperactivity of neurons in proximity to Ab plaques in mouse models of AD (Busche et al., 2008 (Busche et al., , 2012 . A possible explanation for the hyperactivity of excitatory neurons represents an imbalance between excitation and inhibition, which had been proposed as the basis for neuronal network dysfunction (Palop et al., 2007) . Indeed, restoring the function of parvalbumin (PV)-positive inhibitory neurons normalized network synchrony and rescued memory deficits in an AD model (Verret et al., 2012) . Besides PV, somatostatin (SST)-positive inhibitory neurons are another important class of hippocampal interneurons that have been shown to be critically involved in learning and memory processes (Lovett-Barron et al., 2014) . Oriens lacunosum-moleculare (O-LM) interneurons, one type of SST-positive interneurons in the hippocampus, provide feedback inhibition to CA1 pyramidal neurons (Royer et al., 2012) and receive long-range cholinergic projections from the medial septum (Klausberger and Somogyi, 2008) . The cholinergic projections have been described to be essential for aversive learning (Lovett-Barron et al., 2014). In AD and mouse models of AD, loss of cholinergic neurons is well documented (Davies and Maloney, 1976; Perez et al., 2007) , whereas the mechanism by which cholinergic degeneration impacts inhibitory interneuron function remains unknown. Therefore, we hypothesized that O-LM interneuron dysfunction contributes to learning and memory deficits in a mouse model with AD-like pathology. To test this hypothesis, we investigated whether synapses of hippocampal O-LM interneurons exhibited beta-amyloidosis-dependent alterations of structural plasticity in diseased mice, and whether learning-evoked remodeling of synapses occurred in healthy animals and was altered as a consequence of the disease.
RESULTS

Long-Term In Vivo Imaging of Hippocampal GABAergic Neurons
Transgenic mice that express enhanced GFP (eGFP) under the glutamate decarboxylase 1 (Gad1) promoter in hippocampal inhibitory interneurons (Gad1-eGFP or GIN mice; Oliva et al., 2000) were crossbred with APP/PS1 transgenic mice that served as a model for AD (Jankowsky et al., 2004) . In Gad1-eGFP mice, the majority of eGFP-expressing inhibitory neurons were SST positive, but only rarely PV positive (Oliva et al., 2000) . We carried out double immunofluorescence labeling and found a similar distribution (Figures S1A and S1B, available online). To monitor structural changes of eGFP-positive inhibitory neurons in the hippocampus, we carried out two-photon in vivo imaging through a cranial window that was surgically implanted above the right dorsal hippocampus (Figure 1 ; Supplemental Experimental Procedures). From 4 to 5 months of age, mice were imaged weekly and subsequently in monthly intervals up to the age of 11 months ( Figure 1A ). We visualized eGFP-positive inhibitory neurons and their dendrites and axons in different layers of the hippocampal CA1 region ranging from stratum oriens (SO) through stratum pyramidale (SP), and stratum radiatum (SR) to stratum lacunosum-moleculare (SLM) ( Figures 1B and 1C) . Based on the SST expression, their cell body location in SO, their characteristic morphology with a horizontally oriented dendritic tree in SO, and axonal projections to SLM, the majority of eGFP-positive inhibitory neurons were putative O-LM interneurons ( Figures 1C, 1D , S1A, and S1B). Although inhibitory neurons are generally aspiny, O-LM interneurons have been shown to carry spines on their dendrites (Freund and Buzsá ki, 1996; Guirado et al., 2014; Oliva et al., 2000) . To investigate whether the imaged axonal boutons and dendritic spines were structural correlates of synapses, we carried out immunofluorescence labeling with synaptic markers. We found that 82.4% ± 3.6% of boutons were positive for vesicular GABA transporter (VGAT) and 69.1% ± 3.8% of spines localized with postsynaptic density protein 95 (PSD95) (Figures S1C-S1E ). Moreover, we retrieved dendritic spines after in vivo imaging in fixed brain slices (Supplemental Experimental Procedures) and labeled them with VGluT2 ( Figure S1F ). Indeed, the in vivo recorded dendritic spines were found in close proximity to VGluT2-positive excitatory pre-synapses. Next to eGFP-positive interneurons, depositions of fibrillar Ab were stained with the dye MethoxyX04 (MeX04; Figure 1D) , which was previously shown to label Ab plaques in the cortex in vivo (Bittner et al., 2012; Burgold et al., 2011) . We found that Ab plaque deposition in the hippocampal layers SO and SLM started at 4-6 months and increased with age ( Figures 1D  and 1E ). Additionally, we analyzed the survival rate of eGFP-positive interneurons in wild-type and APP/PS1 mice. We found an age-dependent decrease of eGFP-positive interneurons that was independent of Ab pathology ( Figure S1G ). These data confirm that in vivo imaged axonal boutons and dendritic spines are morphological correlates of pre-and post-synapses of eGFP-positive inhibitory neurons. Progressive Axon Loss Impaired structural plasticity of excitatory synapses has been described in different mouse models of AD (Bittner et al., 2010 (Bittner et al., , 2012 Spires-Jones et al., 2007; Tsai et al., 2004) . Moreover, the kinetics of excitatory axonal bouton remodeling in relation to Ab plaques have been analyzed (Liebscher et al., 2014) . Whereas these studies focused on excitatory neurons in the cortex, it remains unknown whether the structural plasticity of synapses on inhibitory neurons in the hippocampus is similarly affected in animal models of AD. Therefore, we next investigated synapse remodeling of hippocampal GABAergic interneurons and analyzed the effect of increased amyloidosis. We monitored GABAergic boutons in SLM monthly from 4 to 11 months of age by repetitively retrieving the same axons and boutons in wild-type and APP/PS1 mice ( Figure 2) . We identified the identical imaging position over time on the basis of individual branch patterns of eGFP-positive axons in SLM (Figure 2A ). In wildtype mice, most axons persisted during the entire observation period, while in APP/PS1 mice, we detected a loss of axonal structures ( Figures 2B and 2C ). We found a significantly decreased axon survival rate in APP/PS1 compared with wildtype mice ( Figures 2D and 2E ). Only half of these lost axonal segments (47.4%) were in close proximity (<50 mm) to Ab plaques ( Figure 2F ), indicating an Ab plaque proximity-independent effect. The bouton density remained constant in wild-type ($0.31 boutons/mm) as well as on persistently present axons in APP/PS1 mice ($0.31 boutons/mm; Figure 2G ). Axonal segments had a similar bouton density prior to loss, whereas the loss of an axonal segment was accompanied by removal of boutons belonging to the axon ( Figures 2H and 2I ). The density of gained and lost boutons was independent of age and similar between persistent axons of wild-type and APP/PS1 mice ( Figures S2A-S2C ). Since synapse loss represents one of the earliest signs in AD, we wondered whether deficits of GABAergic boutons were already present at young ages. Therefore, we carried out weekly imaging in 4-month-old mice ( Figures S2D-S2K ). Similar to aged mice, young APP/PS1 mice exhibited axon loss ( Figure S2F ), leading to a significantly decreased axon survival rate in APP/PS1 mice compared to wild-type mice ( Figures  S2G and S2H ). Corresponding to the monthly intervals, persistent axons in young APP/PS1 mice showed equal numbers of gained and lost boutons similar to age-matched wild-type mice. These findings demonstrate that structural plasticity of inhibitory axonal boutons in the hippocampus is well preserved with aging even in APP/PS1 mice. However, the similar loss of axonal segments close and distant to Ab plaques, as well as the loss of axons in young mice, argues for an Ab plaque proximity-independent effect. In summary, these data indicate structural impairment of O-LM interneuron axons in APP/PS1 mice.
Increased Structural Remodeling of Post-synapses So far, we have shown structural plasticity of GABAergic boutons in the hippocampus and the progressive loss of axonal segments in APP/PS1 mice. The inhibitory output of GABAergic neurons depends on received input that is integrated on their dendrites. As described before, O-LM interneurons carry dendritic spines that are important for input integration and information processing. Altered remodeling of dendritic spines on O-LM interneurons might indicate impaired network rewiring contributing to network dysfunction. Therefore, we repetitively imaged individual dendritic elements of eGFP-positive O-LM interneurons in SO over a period of 7 months in wild-type and APP/ PS1 mice. (Figures 3A and 3B) . In contrast to axons, we did not observe any loss of dendrites throughout the observation period. The spine density on O-LM interneurons increased by 12% with age in wild-type mice, but stayed constant in APP/ PS1 transgenic mice ( Figures 3C and 3D) . Regardless of the genotype, the gained and lost spine densities declined from 5 to 11 months (Figures 3C and 3D) . Aberrant structural plasticity of spines on dendrites of pyramidal cells has been shown to preferentially take place in proximity to Ab plaques (Bittner et al., 2010 (Bittner et al., , 2012 . As Ab deposition increases with age ( Figure 1E ), the average distance of analyzed dendrites to the closest plaque decreased from 80 mm at 7 months to 28 mm at 11 months (Figure S3A) . Therefore, we analyzed whether there was a relationship between spine density and Ab plaque proximity. Indeed, the spine density on dendrites closer than 50 mm to an Ab plaque was decreased compared to dendrites farther than 50 mm and to wild-type mice ( Figure 3E ). When analyzing the structural plasticity, we found that it was dependent on age, with a significantly higher turnover rate, as well as density of gained, but not lost, spines in young (5-6 months) compared to old (7-11 months) wild-type animals ( Figures 3F, 3G , S3B, and S3C). The turnover rate was likewise decreased with age in APP/PS1 mice (Figure 3G) . In young mice, the turnover rate as well as densities of gained and lost spines were similar in wild-type and APP/PS1 mice, whereas the turnover rate and the density of lost spines were significantly increased in old APP/PS1 compared to old wild-type animals ( Figures 3F, 3G , S3B, and S3C). While the synapse turnover on dendrites with a distance greater than 50 mm to an Ab plaque was slightly, but not significantly, increased compared to wild-type, the turnover rate significantly increased with proximity (smaller than 50 mm) to Ab depositions ( Figure 3G ). Corresponding to the turnover rate, the density of persistent spines increased significantly with age in wild-type mice (Figures S3D and S3E) . Old APP/PS1 mice exhibited a significantly decreased density of persistent spines compared to wild-type animals, mainly due to a reduced density close to Ab plaques ( Figure S3E ). We additionally carried out weekly imaging of dendritic spines over a period of 5 weeks in 4-month-old mice. Besides a minor genotype-independent increase in spine density, no significant differences were found between wild-type and APP/PS1 mice regarding density, loss, gain, and turnover of spines ( Figures S3F-S3L ). These data show that O-LM interneurons exhibit an age-dependent increase of dendritic spines that is absent in APP/PS1 mice and decreased spine density in proximity to Ab plaques. Furthermore, the turnover rate of dendritic spines on O-LM interneurons decreases with age. Old APP/ PS1 mice exhibit a significantly increased turnover compared to wild-type that further increases with proximity to Ab plaques. Overall, this points to an impaired stability of afferent synapses on O-LM interneurons in APP/PS1 mice.
Decreased Synapse Gain after Contextual Fear Conditioning
Since we identified age-and Ab plaque-dependent impairments of structural plasticity of dendritic spines on O-LM interneurons in APP/PS1 mice, we next investigated whether rewiring was affected during memory formation. To test hippocampusdependent learning, we chose contextual fear conditioning (FC). We carried out two-photon in vivo imaging on three consecutive time points with 4-day intervals ( Figure 4A ). Between the imaging sessions, the mice were only exposed to their home cages. From this baseline period (BL), we acquired the baseline gain and loss of axonal boutons and dendritic spines of O-LM interneurons in the hippocampus. Subsequently, during the learning and memory phase (L&M), mice were exposed to FC 24 hr after the first imaging time point and re-exposed to the context for memory retrieval (RE) 24 hr after the second imaging time point (Figures 4A and 4B ). As reported before (Kilgore et al., 2010) , APP/PS1 mice only partially recalled the context and exhibited significantly decreased freezing rates compared to wild-type mice ( Figure 4B) . On the synaptic level, we found significantly more gained spines after FC compared with BL in wild-type, but not APP/PS1, mice ( Figures 4C, 4D, and S4A ). Comparing the density of gained spines between BL and RE in wild-type and APP/PS1 mice, we detected no differences (Figure S4B ). These data suggest that memory acquisition, but not retrieval, induced the emergence of new dendritic spines on O-LM interneurons. To test a possible Ab plaque dependence of these findings, we measured the distance of all analyzed dendrites to the next Ab plaque and found that only 6.25% (3 out of 48 dendrites) were not in the proximity, indicating that absent spine gain in APP/PS1 mice might be Ab plaque related (Figure S4C) . If newly formed synapses are important for memory consolidation, we hypothesized that new spines would be stabilized. Therefore, we next analyzed whether dendritic spines, gained after FC, were eliminated or persisted over time. We detected a significantly increased number of stabilized spines comparing BL and L&M in wild-type, but not APP/PS1, mice (Figures 4E and S4D) . These data indicate that memory formation and consolidation are accompanied by newly formed and consecutively stabilized dendritic spines on O-LM interneurons. Since structural changes of synaptic connectivity have been shown to occur spatially clustered Fu et al., 2012) , we analyzed whether spines emerged in close proximity to each other after FC. While a small fraction (18.7%) of new spines emerged clustered, the majority (81.3%) appeared randomly distributed along the dendrite ( Figure 4F ). Thus, fear conditioning did not induce clustered emergence of dendritic spines on O-LM interneurons. We also analyzed lost spines by comparing BL and L&M. Both genotypes exhibited equal den- (E) Average spine density in old (7-11 months) wild-type and APP/PS1 mice, as well as spine density in the vicinity of (<50 mm) or at a distance (>50 mm) from Ab plaques in old APP/PS1 animals. (F) Monthly turnover rate of dendritic spines of wild-type and APP/PS1 mice. (G) Average turnover rate for young (5-6 months) and old (7-11 months) wild-type and APP/PS1 mice, as well as the turnover rate in old APP/PS1 animals at a distance below and above 50 mm proximity to Ab plaques. n = 5 wild-type and 7 APP/PS1 mice (C, D, and F), n = 125 dendrites in wild-type and 175 dendrites in APP/PS1 (E), and n = 50 and 125 dendrites in wildtype and 70 and 175 dendrites in APP/PS1 (G). All data are represented as mean ± SEM, n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Repeated-measures one-way ANOVA with post-test for linear trend (C and D), one-way ANOVA with Sidak's multiple comparisons test (E), repeated-measures two-way ANOVA (F), and Kruskal-Wallis test with Dunn's multiple comparisons test (G). Scale bars, 20 (A) and 2 mm (B).
sities of lost spines comparing either BL and FC or BL and RE ( Figures S4E and  S4F ). When we analyzed axonal bouton remodeling after FC, we did not detect any differences in gained or lost boutons in wild-type and APP/PS1 mice ( Figures  S4G-S4K ). Taken together, these data demonstrate structural remodeling of dendritic spines, but not axonal boutons, on O-LM interneurons during learning. Moreover, the absence of newly formed dendritic spines and their stabilization reveals a rewiring deficit of hippocampal O-LM interneurons that may be linked to memory deficits in APP/PS1 mice.
Decreased O-LM Interneuron Response to Aversive Stimulation in APP/PS1 Mice To further investigate the cause for impaired spine gain upon fear memory acquisition in APP/PS1 mice, we hypothesized an altered input onto O-LM interneurons. O-LM interneurons receive cholinergic input from the medial septum upon aversive stimulation (Lovett-Barron et al., 2014) , and AD is accompanied by degeneration of cholinergic forebrain neurons (Davies and Maloney, 1976 (Figures 5A-5C ). We used a visually guided shadow approach to obtain juxtacellular recordings of O-LM interneurons in awake head-fixed mice on a treadmill (Figure 5A ). Airpuff stimulation led to an increased action potential frequency, indicating that O-LM interneurons were specifically activated upon aversive stimulation ( Figures 5B and 5C ). Next, we unilaterally injected rAAV-Syn-GCaMP6m in SO of the dorsal hippocampus to express the genetically encoded Ca 2+ indicator
GCaMP6m in putative O-LM interneurons. Subsequently, we implanted a cranial window and carried out two-photon Ca 2+ imaging upon airpuff stimulation ( Figures 5D and 5E ). We drilled a small hole in the coverslip at the bottom of the cranial window to obtain pharmacological access to SO of the hippocampus ( Figure 5D ; Supplemental Experimental Procedures). Putative O-LM interneurons reliably responded to the aversive stimulation with a Ca 2+ -evoked fluorescence transient. The amplitude of the Ca 2+ transient was reduced by the application of a selective blocker of type 1 muscarinic acetylcholine receptor (m1AChR, 1 mM Pirenzepine) (Figures 5F-5H) . In APP/PS1 mice, putative O-LM interneurons exhibited significantly decreased Ca 2+ transient amplitudes in response to airpuff compared to wild-type mice ( Figures 5G and 5H) . Furthermore, the application of Pirenzepine induced no reduction in APP/PS1 mice, suggesting a reduced cholinergic excitation of O-LM interneurons in APP/ PS1 mice ( Figures 5G and 5H) . To further elucidate the connectivity of O-LM interneurons, we mapped their inputs by a retrograde mono-transsynaptic rabies virus tracing ( Figures 5I-5K and S5). The tracing viruses (Supplemental Experimental Procedures) were injected unilaterally in SO of mice expressing the Cre recombinase under the control of the somatostatin promoter (SST-Cre), specifically targeting SST-positive interneurons ( Figures S5A-S5C ). We detected a population of afferent monosynaptic neurons and fibers in the medial septum diagonal band (MSDB) that were significantly reduced in old APP/PS1 compared to old wild-type mice ( Figures 5I-5K ). The number of choline acetyltransferase (ChAT)-positive neurons in MSDB as well as afferent pyramidal neurons in the hippocampus was unchanged between wild-type and APP/PS1 mice ( Figures S5D  and S5E) . However, the fraction of dendritic spines on hippocampal O-LM interneurons with ChAT+ co-localization was significantly reduced in APP/PS1 compared to wild-type mice ( Figure S5F ). In young mice, prior to Ab pathology, we did not detect any significant difference in afferent monosynaptic neurons and ChAT+ neurons in the MSDB ( Figures S5G, S5H , and S5J). However, the fiber density in the MSDB, as well as the connectivity to pyramidal neurons, was significantly increased in the MSDB of young APP/PS1 mice ( Figures S5I and S5K) . These data suggest an impaired cholinergic input from the medial septum onto O-LM interneurons in aged APP/PS1 mice.
Cholinergic Input Accounts for Spine Gain and Memory Improvement in APP/PS1 Mice Next, we asked whether spine gain after fear memory acquisition required cholinergic input onto O-LM interneurons. Therefore, we labeled O-LM interneurons in SST-Cre mice by a unilateral stereotactic injection of rAAV-flox-tdTomato into SO (Supplemental Experimental Procedures). We imaged spines on two consecutive time points with a 4-day interval to acquire baseline morphological changes and an equal interval including FC (Figure 6A) . During memory acquisition, we applied the m1AChR blocker Pirenzepine (1 mM) through a hole in the hippocampal window to block cholinergic input on O-LM interneurons. Moreover, in a second set of mice, we applied the AMPA receptor antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f] chinoxalin-2,3-dion; 20 mM) to inhibit glutamatergic synaptic transmission from pyramidal neurons to O-LM interneurons (Figure 6B) . We examined gain and loss of spines after FC and detected that blocking m1AChR significantly reduced spine gain upon aversive stimulation compared to vehicle-treated mice, while AMPA receptor blockade did not affect the aversive stimulus-induced spine gain ( Figures 6C and 6D) . However, whereas AMPA receptor blockade did not influence spine gain, spine loss was increased compared to vehicle-treated animals ( Figure S6A ). Blocking cholinergic input on O-LM interneurons by bilateral infusion of Pirenzepine into SO of the hippocampus prior to fear conditioning significantly reduced freezing levels compared to vehicle-treated mice ( Figure 6E ). Blocking glutamatergic transmission with NBQX reduced freezing levels slightly, but not significantly ( Figure 6E ). These data imply the necessity of septal cholinergic input onto O-LM interneurons for FC-induced spine gain, whereas glutamatergic input from pyramidal neurons seems to have minor effects on new connections and is rather necessary to keep existing connectivity intact. To further verify the requirement of O-LM interneuron activity for FC, we carried out a bilateral approach, targeting O-LM interneurons by rAAV-hM4D(Gi)-mCherry injection into SO of SST-Cre mice ( Figure 6F ). Silencing O-LM interneurons by the application of the small molecule clozapine-N-oxide (CNO) during fear conditioning prevented memory acquisition and reduced freezing levels in wild-type mice ( Figures 6G and 6H) . Moreover, since APP/PS1 mice exhibited decreased O-LM interneuron Ca 2+ transients in response to aversive stimulation and decreased input from the MSDB, we bilaterally injected the m1AChR cholinergic agonist Cevimeline into SO of the hippocampus prior to FC ( Figures 6I-6K ). Treatment with Cevimeline during memory acquisition almost fully restored freezing levels in APP/PS1 mice and led to significantly increased RE compared to vehicle-treated APP/PS1 mice ( Figure 6K ). Taken together, these data indicate that cholinergic input from the medial septum is required for FC-induced spine gain on O-LM interneurons. Moreover, O-LM interneuron activity during fear memory acquisition is necessary for subsequent RE and treatment with a cholinergic agonist, significantly improved memory deficits in APP/PS1 mice.
DISCUSSION
In this study, we investigated the structural plasticity of hippocampal O-LM interneurons, GABAergic neurons that are critically involved in associative memory processing. We demonstrated long-term emergence and elimination of axonal boutons (K) Freezing response during memory recall in wild-type mice treated with vehicle as well as APP/ PS1 mice treated with vehicle or Cevimeline. n = 37 dendrites in 6 mice (vehicle), n = 25 dendrites in 4 mice (Pirenzepine), and n = 29 dendrites in 5 mice (NBQX) (D); n = 6 vehicle-, 7 Pirenzepine-, and 6 NBQX-treated mice (E); n = 4 control and 3 DREADD mice (H); and n = 4 wild-type vehicle-, 5 APP/PS1 vehicle-, and 7 APP/PS1 Cevimeline-treated mice (K). All data are represented as mean ± SEM, n.s. p > 0.05, *p < 0.05. Kruskal-Wallis test with Dunn's multiple comparisons test (D), one-way ANOVA with Sidak's multiple comparisons test (E and K), and unpaired t test (H). Age of mice at start of experiments was as follows: 9-14 (C and D), 5-7 (E), 2-5 (F-H), and 9-12 months (I-K). Scale bar, 2 (C), 500, and 100 mm (F).
and dendritic spines on O-LM interneurons, a process that was disturbed under AD-like conditions. Here, axon loss and increased turnover of dendritic spines suggested defective O-LM interneuron connectivity. Indeed, during associative memory formation, O-LM interneurons gained new spines, a process that was absent under AD-like conditions. Additionally, O-LM interneurons' response to aversive stimulation was decreased in a mouse model of AD. We identified decreased cholinergic input from the medial septum onto O-LM interneurons as one reason for O-LM interneuron dysfunction. Moreover, blocking O-LM interneurons during memory acquisition decreased the recall performance in wild-type mice, whereas application of an m1AChR agonist significantly improved memory deficits in the mouse model of AD. The current study reveals a mechanism by which cholinergic degeneration affects O-LM interneurons and thereby memory under AD-like conditions and potentially in AD.
The formation and elimination of synapses represent fundamental processes that enable the brain to rewire and preserve its competence to adapt to a constantly changing environment. Experience-dependent remodeling of excitatory synapses has been widely studied in the cortex (Caroni et al., 2014; Fu and Zuo, 2011; Hü bener and Bonhoeffer, 2010) , whereas inhibitory synapse remodeling has only recently been analyzed in more detail Keck et al., 2011; van Versendaal et al., 2012; Villa et al., 2016) . Here, we demonstrate that axonal boutons and dendritic spines on a major subtype of hippocampal GABAergic neurons exhibit structural plasticity throughout adulthood under healthy conditions. We reveal that inhibitory neurons constantly gain and lose synapses, and that this property remains intact for several months in adult mice. These morphological changes of pre-and post-synapses of hippocampal O-LM interneurons might reflect changes in information processing. Further, we demonstrate an age-dependent decrease of rewiring at the site of input onto O-LM interneurons, whereas the structural plasticity of axonal boutons at the output side is preserved. At the same time, the number of dendritic spines on O-LM interneurons increases with age. The age-dependent decrease of spine turnover may be indicative of a less plastic brain with increasing age, whereas the higher number of postsynapses could facilitate O-LM interneuron firing, shifting the balance of excitation and inhibition. The situation is different during beta-amyloidosis. Synapse loss is a hallmark of AD, and impaired structural plasticity of excitatory synapses has been observed in mouse models of AD (Bittner et al., 2010; Liebscher et al., 2014; Spires et al., 2005; Tsai et al., 2004) . However, rewiring of inhibitory neurons has not been studied in animal models of AD. Here, we reveal axon loss, decreased dendritic spine density, and increased turnover of spines of inhibitory neurons in the hippocampus of an AD mouse model, indicating a destabilized synaptic connectivity in APP/PS1 mice. The observed axon loss seemed to be independent of Ab plaque proximity. However, since axons usually extend over long distances, the site of the initial axon loss and its proximity to an Ab plaque is difficult to detect, and therefore, the Ab plaque dependence might be underestimated. Whether the axon loss influences the inhibitory drive onto target neurons of O-LM interneurons remains to be determined in the future. The observed increase in turnover of dendritic spines on O-LM interneurons in APP/PS1 mice might reflect decreased or variable input under AD-like conditions. It is tempting to speculate that the observed reduced cholinergic input decreases the probability of newly formed synapses to become stabilized, thereby increasing the turnover of dendritic spines in the AD mouse model. In summary, these findings underscore the impaired rewiring of O-LM interneurons under AD-like conditions. How do these rewiring deficits impact structural plasticity and physiological function of O-LM interneurons during learning and memory? Fear conditioning has been shown to induce changes in synaptic connectivity of excitatory and inhibitory neurons in different brain regions (Donato et al., 2013; Leuner et al., 2003; Restivo et al., 2009; Ruediger et al., 2011; Sanders et al., 2012; Trouche et al., 2013) . Here, we focused on SST-expressing O-LM interneurons that receive long-range projections from the medial septum as well as input from local CA1 pyramidal neurons and provide feedback inhibition to the distal dendrites of these neurons (Klausberger and Somogyi, 2008; Mü ller and Remy, 2014) . In line with previous results, we found a strong response of O-LM interneurons to aversive stimuli, which had been shown to be relevant for suppressing the input of noncontext-related information to CA1 pyramidal neurons. O-LM interneurons thereby help to maintain the correct context representation during fear conditioning (Lovett-Barron et al., 2014) . The fact that APP/PS1 mice exhibited reduced O-LM responses to aversive stimulation argues for an incorrect suppression of non-context information and therefore a disturbed context representation in APP/PS1 mice impacting correct fear memory acquisition. Indeed, silencing of O-LM interneurons using pharmacogenetics during memory acquisition prevented memory formation, underscoring the requirement of O-LM interneuron activity for fear memory acquisition.
Assuming that concerted activity induces rewiring, the increased activity of O-LM interneurons during aversive stimulus presentation might lead to the observed spine gain. Activity-dependent synapse remodeling has been shown for both inhibitory and excitatory neurons in vivo and in vitro (Keck et al., 2011; Lai et al., 2012; Nä gerl et al., 2004; Sanders et al., 2012; Wiegert and Oertner, 2013; Wierenga et al., 2010 ). An increased number of new spines after fear conditioning may reflect altered input on O-LM interneurons that could result from various sources like cholinergic input from the medial septum or glutamatergic input from local CA1 pyramidal neurons. We demonstrate that cholinergic input during fear memory acquisition is required for spine gain on O-LM interneurons, whereas local glutamatergic input plays a minor role. The fact that APP/PS1 mice did not exhibit fear conditioning-mediated remodeling of spines underscores the importance of inhibitory circuit rewiring for learning and memory. Furthermore, the decreased O-LM interneuron activity during aversive stimulus representation in APP/PS1 mice suggests impaired cholinergic input from the medial septum as a possible cause. Indeed, retrograde mono-transsynaptic rabies virus tracing revealed decreased connectivity of O-LM interneurons to pre-synaptic neurons in the medial septum in aged APP/PS1 mice. The connectivity of O-LM interneurons to local pyramidal neurons was unaltered in aged APP/PS1 mice. Moreover, young APP/PS1 mice did not exhibit decreased connectivity of afferent neurons in the MSDB, suggesting a progressive cholinergic input degeneration in APP/PS1 mice. Thus, the absence of spine gain is most probably related to cholinergic input, but not to an alteration of glutamatergic input from CA1 pyramidal neurons. Furthermore, increasing the cholinergic tone in APP/PS1 mice by infusion of the cholinergic agonist Cevimeline into both hippocampi almost fully restored memory, underscoring the importance of cholinergic drive in SO of the hippocampus and presumably for O-LM interneurons during associative memory acquisition. These results provide a mechanism by which the long-standing cholinergic degeneration hypothesis of AD could affect memory: degeneration of cholinergic projections impairs O-LM interneuron function, impacting proper memory formation.
In summary, we demonstrate that afferent synapses of O-LM interneurons undergo structural remodeling throughout adulthood and that this process is impaired in a mouse model with AD-like pathology. Furthermore, we show spine gain on O-LM interneurons upon fear conditioning, and that this process requires cholinergic input during memory acquisition, which is absent in APP/PS1 mice. Decreased cholinergic input from the medial septum in APP/PS1 mice diminishes O-LM interneuron response to aversive stimulation, prevents spine gain, and impairs memory acquisition, while treatment with a cholinergic agonist almost fully restores memory in APP/PS1 mice. Thus, we reveal a mechanism by which cholinergic degeneration affects O-LM interneuron function and memory acquisition in a mouse model of AD and potentially in human AD patients.
EXPERIMENTAL PROCEDURES
In Vivo Two-Photon Hippocampal Imaging in Anesthetized Mice Structural changes of O-LM interneuron dendrites and axons were assessed using two-photon imaging in Gad1-eGFP and Gad1-eGFP::APP/PS1 transgenic mice. In a second set of experiments, dendritic spines of O-LM interneurons were visualized in SST-Cre transgenic mice by injecting rAAV2/ 1.CAG.FLEX.tdTomato.WPRE.bGH. Hippocampal imaging was performed through an implanted cranial window using a laser-scanning microscope coupled to a Ti:sapphire laser. This and all following procedures were in accordance with regulations of the DZNE and an animal experimental protocol approved by the government of North Rhine Westphalia. Details about the setups, surgery, and imaging acquisition, processing, and analysis can be found in the Supplemental Experimental Procedures.
In Vivo Two-Photon Hippocampal Imaging in Awake Mice
To assess neuronal activity in putative O-LM interneurons in SO, GCaMP6m was expressed by a stereotactic injection of rAAV1.Syn.GCaMP6m. WPRE.SV40 into the right dorsal hippocampus. Two-photon imaging of Ca 2+ changes in awake mice on a spherical treadmill was performed through an implanted cranial window using a resonant scanning microscope coupled to a Ti:sapphire laser. Image series of GCaMP6m fluorescence changes were acquired at frame rates >14.5 Hz. Airpuffs were applied to the animal's nose via tubing connected to a computer-controlled pressure system. Movement of the animal was recorded using an optical computer mouse, measuring the rotation of the treadmill, and a video camera. Details about the setups, surgery, and imaging acquisition, processing, and analysis can be found in the Supplemental Experimental Procedures.
Pharmacological Manipulation
Combined with Structural Imaging For pharmacological manipulation of O-LM interneurons, a glass cylinder was implanted containing a small hole ($300 mm) that was sealed by Kwik-Sil. Mice were briefly anesthetized with isoflurane, the Kwik-Sil was removed, and the cylinder was filled with warmed cortex buffer (37 C) with or without the agents Pirenzepine (1 mM) or NBQX (20 mM). To allow for diffusion of the drug, the cylinder was sealed with Kwik-Sil and mice were placed back in their home cage for 1 hr. For imaging experiments, the cover was removed. After imaging or fear conditioning, the cylinder was dried and the hole resealed with Kwik-Sil. Further details can be found in the Supplemental Experimental Procedures.
Bilateral Infusion
To apply pharmacological agents to both hippocampi, double guide cannulas (C235G-2.6/Spc, PlasticsOne), sealed with dummy and dust cap, were implanted at anterior-posterior À1.8 mm, medial-lateral ± 1.3 mm to the bregma and a depth of 0.9 mm from the brain surface. Before fear conditioning, mice were anesthetized with isoflurane, and the dust cap and dummy were removed and replaced by an internal cannula (C235I/SPC, 0.3 mm projection to the guide cannula, PlasticsOne). At a speed of 0.1 mL/min, a total volume of 0.5 mL was injected into each hippocampus. Afterwards, the internal cannula was left in place for another 3 min and then replaced by dummy and dust cap again. The fear conditioning experiment was performed 60 min after drug application.
FC
Fear conditioning was performed in a custom-made cage with a steel-grid floor. Mice were allowed to explore the cage for 120 s. Three electric foot shocks were applied (0.75 mA for 2 s) with intershock interval of 60 s. RE was performed 2 or 4 days after fear conditioning. The animal's movement was recorded using a video camera. Details about the setup, surgeries, and mouse lines can be found in the Supplemental Experimental Procedures.
Pharmacogenetic Silencing of O-LM Interneurons Using DREADDs
For DREADD-dependent inhibition of O-LM interneurons, rAAV.hSyn.DIO. hM4D(Gi)-mCherry was stereotactically injected into both dorsal hippocampi of SST-Cre mice 2 weeks prior to the experiment. One hour before the fear conditioning, mice received an intraperitoneal dose of 5 mg/kg CNO. Details can be found in the Supplemental Experimental Procedures.
Mono-Transsynaptic Retrogade Tracing
Injection of modified rAAVs and modified RABV into the hippocampus of SSTCre and SST-Cre::APP/PS1 transgenic mice was employed for retrograde tracing of monosynaptic connections to hippocampal O-LM interneurons. Details about the viral constructs and surgery can be found in the Supplemental Experimental Procedures.
Data Analysis and Statistics
Analysis of neuronal survival and co-localization as well as detection of spines and boutons was performed using ZEN software (Zeiss). Ab plaque load was determined with Imaris (Bitplane). Structural recordings were filtered and registered using MATLAB (MathWorks) and manually scored in the ZEN software (Zeiss). Analysis of time-lapse images was performed using custom-written functions in MATLAB (MathWorks), IgorPro (WaveMetrics), and ImageJ. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software). Normal distribution was tested with the D'AgostinoPearson omnibus normality test, and adequate parametric or non-parametric statistical tests were carried out as indicated in the figure legends. Unless otherwise stated, statistical groups were compared using repeated-measures one-way ANOVA, one-way ANOVA with post-tests and correction for multiple comparisons, repeated-measures two-way ANOVA, two-way ANOVA with post-tests, and unpaired Student's t test. All values are depicted as mean ± SEM. Details about image processing and data analysis can be found in the Supplemental Experimental Procedures. 
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